Oxygen diffuse to water in gravity sewer pipes has been studied in a 21 m long, 0.15 m diameter model sewer. The temperature of water was controlled at 28 ℃ and the material of the pipe is plastic, the slope and the flowrate in the pipe could be varied independently. A pump was installed to recirculate the water. At first, the sodium sulfide was added into the clean water to deoxygenate, then the pump was started to recirculate the water and the deoxygenated water was reaerated. The dissolved oxygen microelectrode was installed at the end section of the sewer pipe to measure the dissolved oxygen concentrations varied with flow velocity, time and depth. The dissolved oxygen concentration profiles are constructed and observed. The partial differential equation diffusion model that consider the Fick's law including the molecular diffusion term and eddy diffusion term are derived. The analytic solution of the partial differential equation is used to determine the diffusivities by the method of nonlinear regression. A computer program based on the method of least squared regression is coded to calculate the diffusivity values. The diffusivity values for the oxygen transfer is found to be a function of molecular diffusion, eddy diffusion and flow velocity.
INTRODUCTION
The quality of the wastewater changes in sewers during the process from the households to the wastewater treatment plant. The transformation of the wastewater quality is very dependent on the redox potential in the wastewater. Dissolved oxygen (DO) concentration is an important factor which affect the redox potential in wastewater. The oxygen concentration will decrease due to the consumption of the attached and suspended biomass when the microbes degrade the organic matter, and increase due to the reaeration. So, the concentration of the DO in the bulk water in gravity sewers is a result of the balance between microbial consumption processes and reaeration from the sewer atmosphere ( Nielsen et al., 1992 ) . A simple oxygen balance in flowing wastewater may be given as : 
in which S o = actual oxygen concentration in wastewater (mg/l), r o = the reaeration rate(mg/l), r w = the oxygen consumption rates due to the suspended biomass in the bulkwater(mg/l), r b = the biofilm oxygen consumption rates(mg/l), r s = the sediment oxygen consumption rates (mg/l).
The first term of Eq.1 describes the input of oxygen over the interface between the sewer atmosphere and the flowing wastewater. If the oxygen concentrations between the atmosphere and the bulkwater are not saturated, then the oxygen will transfer from the atmosphere into the water. A equation describes the reaeration is written specifically as followed :
in which C = instantaneous DO concentration (mg/l), K L a = the reaeration coefficient ( l/h ), and Cs = saturated DO concentration (mg/l).
In the other hand, the reaeration effects will depend on the diffusion rate of the DO from atmosphere through the air/liquid interface into the bulk water. The diffusion rate is reflected by its molecular diffusion coefficient and eddy diffusion coefficient which changed with the flowing conditions. Portielje and Lijklema (1993) proposed that the effective diffusion coefficient of any pollutant in the sediment was the sum of molecular diffusion and turbulent diffusion component which was due to horizontal pressure gradients induced by waves. Turbulent diffusion and bioturbation were assumed to decrease exponentially with depth in the sediment. King et al. (1995) measured the molecular diffusion coefficient of several environmentally important gases in pure water, and the measurements were summarized and used to test the accuracy of estimates based on exponentially semi-empirical relationship. Prinos et al. (1995) measured the gas flux below an air-water interface. Mean and fluctuation concentration profiles were carried out in a jet-agitated vessel in the absence of mean shear at the interface. The experimental results were compared with the numerical calculations obtained from the second order modeling of the transport for the mean and fluctuation concentration, the gas flux as well as the normal stresses and the turbulence characteristics.
Moog and Jirka (1995) proceeded a set of laboratory studies to measure oxygen absorption in flows over both smooth and large-roughness beds. It was found that the larger gas transfer coefficients measured in the large-roughness beds case. It could be explained by the greater rates of turbulent energy dissipation expected near the free surface.
According to previous studies, the oxygen diffusion rate coefficient can be separated into two part, one part is the molecular diffusion which is affected by the molecular movement, the another part is the eddy diffusion which is affected by the turbulence due to the flow conditions. So the oxygen levels in aquatic system are the function of several parameters, such as mean flow depth, velocity, slope etc.
Since the oxygen levels determine the aerobic/anaerobic conditions in sewer system and the gas transfer coefficient is an important key to modeling dissolved oxygen levels in wastewater during transportation in sewer system , the objectives of this article is to discuss the changes of the molecular and eddy diffusion coefficient when the depth, velocity and slope varied in the sewer system, and find the relationship equations between the overall diffusion coefficient, eddy diffusion coefficient and molecular diffusion coefficient.
MATERIAL AND METHODS

Experimental sewer
The experiments are conducted in a 21 m long, 0.15 m diameter model sewer, as shown in Fig.1 . The temperature of water is controlled at 28 ℃ and the material of the pipe was plastic. The slope and the flowrate in the pipe could be varied independently. A pump is installed to recirculate the water from the tail water tank through the recirculation tank to the head water tank. The DO microelectrode is installed on a plateau at the end section of the sewer pipe to measure the DO concentrations varied with flow velocity, time and depth. A DO meter is also installed in the recirculation tank to measure the DO concentration.
Experimental procedure
At first, 200g sodium sulfide is added into the clean water per m 3 to deoxygenate. The Na 2 SO 3 is predissolved in the recirculation tank. When the oxygen meter shows zero concentration, the pump is started to recirculate the water and the deoxygenated water is reaerated. The oxygen concentrations vary with time and depth are measure every 5 minutes and every 0.5 cm from the sewer bottom to the water surface. The experimental procedure is stopped when the reading values at every vertical position reach the saturated oxygen concentration or 80 % of that. The DO profiles are constructed after the experimental procedure is stopped.
Equation for estimating DO concentration
The DO diffusion process without oxygen consumption can be described mathematically by the following diffusion equation ( Crank, 1975 , Cussler, 1984 , Zhang, 1994 :
in which C = instantaneous DO concentration, D( ) = function of DO diffusion coefficient, D m = DO molecular diffusion coefficient, ε D = DO eddy diffusion coefficient, z = vertical distance from the bottom to the position where the DO concentration was measured, and t = time. The initial and boundary conditions associated with Eq.3 are represented by :
where Cs = saturated DO concentration, and L = the depth of the flowing water. The solution to this set of equation is given by ( Carslaw and Jaeger, 1959, Crank, 1975 ) : 
Eq.4 is used to fit the measured depth-and time-varied DO concentration data. 
Using nonlinear regression method to estimate diffusion coefficients
The technique often employed to estimate the parameters in either linear or nonlinear models is the method of least squares (LS). Regardless of the forms of the models, the best estimates of the parameters are obtained by using the method of LS:
in which the minS represents a minimum of the sum of squares of the errors, e i represent the ith term of errors, y i is the ith term of the experimental values, and y i ∧ is the ith value determined from the model equations.
In Eq.4, the values of Cs and L are constants in each set of test, the values of C, z and t are measured from the experiments. The left parameter to be determined is only the function of D.
After the decision of criterion, the integral/least-squares method is used to determine the minimum of the objective function ( Chapra, 1997 ). At last, the coefficients of determination ( R 2 ) are calculated to evaluate the goodness of fit between the regression values and the observation values. Here, the R 2 used to assess the goodness of fit for nonlinear models is the correlation coefficient ( r y y
) between y and y ∧ ( Ryan, 1997 ) .
RESULTS AND DISCUSSION
Oxygen concentration profiles
The time-and depth-varied DO concentrations measured from the experiments are shown in Fig.2 . The values of the DO concentrations are higher near the water surface, and decrease toward the sewer bottom. At the beginning ( t = 0 ), the DO values at every depth are almost zero, excepting the value on the water surface. When time increases, the DO values at every depth will reach the saturated oxygen concentration finally.
The regression calculations
The undetermined parameter in Eq.4 , D, is calculated with the method of nonlinear least square regression. The results are shown in Table 1 . The values of D calculated with the nonlinear regression method are substituted into Eq.4 to calculate the DO concentrations varied with time and depth. The solid lines shown in Fig.2 represent the results of simulation. The diffusion coefficient of DO in water at 25 ℃ reported by Cussler (1984) and Lin et al. (1998) are 2.1× 10 -5 cm 2 /s and 2.254×10 -5 cm 2 /s respectively. According to these previous studies, the diffusion coefficient can be taken as 0.0013 cm 2 /min at 28 ℃. The values of D and velocities are correlated by using the linear least square method and taking 0.0013 as intercept of vertical axis, but poorly correlated as shown in Table 2 . Fig.2 The oxygen profiles at different slope, depth, and time (hollow points), and the simulation So, the relationships between the D velocities are plotted again in Fig.3, Fig.4 
in which D = the diffusion coefficient (cm 2 /min), u = flow velocity (cm/s). 
